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Abstract
Cucumber mosaic virus (CMV) is an economically important virus 
that causes wide-spread diseases damaging crops worldwide. 
Two strains of the virus were detected using ELISA with specific 
antibodies, and isolated from Kuwait environment designated CMV-
KU1 and CMV-KU2. The KU1 is a mild strain and is associated 
with a benign viral satellite RNA, while KU2 isolate, is a severe 
strain and lacking viral satellite RNA. Both strains were used in a 
comparative study to investigate the effects of CMV infection on the 
ultrastructure of chloroplasts and inclusion bodies in test plants of 
tomato (Lycopersicon esculentum) and squash (Cucurbita pepo). 
Transmission electron microscopy (TEM) was used to determine the 
extent of infection and damage caused by virus isolates on chloroplast 
structure, and cellular inclusions including plastoglobules, and starch 
granules. Chloroplasts, the photosynthetic apparatus of plants, in 
infected tissues were severely affected with KU2 strain that caused 
a reduction and damage of their main structure, number, size, and 
inclusion bodies compared to the benign strain of KU1 and healthy 
control plants. Electron micrographs of ultra-thin sections proved the 
presence of the viral nanoparticles. The formation of viral crystalline 
bodies, chloroplast damage and malformation due to the viral 
infection. As the infection progressed, chloroplasts were destroyed 
and grana were disorganized and scattered into the cytoplasm that 
causes reduction in chlorophyll contents in plant tissues. ImageJ 
freeware analysis were used to determine the extent of infection and 
host-virus interactions and damage caused by virus isolates.
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Introduction 
Cucumber mosaic virus (CMV), first discovered by Doolittle 

in 1916 as the causative agent of a new infectious mosaic disease 
[1,2]. CMV, of the family Bromoviridae, genus Cucumovirus [3-6] is 
distributed worldwide and has a wide host range, infecting more than 
1000 plant species [3,7-10]. In addition, it is considered to be the most 

damaging plant virus among 24 field-grown vegetable crops in 28 
regions of the world [11]. CMV is a 29 nm icosahedral. It is comprised 
of a positive-sense, single-stranded genome consisting of four species 
designated RNAs and a capsid composed of 180 copies of protein 
subunits [12-14]. The molecular weight of CMV is approximately 5, 
8 x 106, of which 18% is RNA and the remaining 82% is protein. The 
overall architecture of the CMV virus is best represented as a T ¼ 
3 icosahedron, [15] the RNA was packed tightly against the protein 
shell. CMV contains three genomic RNAs (RNAs 1, 2, & 3) and a 
subgenomic RNA 4 [12].

The symptoms of CMV in different plants occur as a result of 
complex interaction between the host plant and the virus [8,16]. 
In general, it induces mosaic (generic light-green/dark-green) 
symptoms. However, some CMV strains induce other symptoms, 
such as chlorosis, stunting, epinasty, necrotic lesions or filiformism 
[3,8]. In tomatoes, CMV causes stunting, fruit deformation, and poor 
fruit generation [1]. In addition to this, Vásquez and his associates 
have observed other unusual mixed disease symptoms on tomato 
plants including deformation, purple margins, inter-venial yellowing, 
downward and upward curling of the leaflets. 

Agriculture Industry in Kuwait
The State of Kuwait has a harsh climate, water scarcity and 

poor land resources and because of this agriculture is limited (Only 
about 1% of the total land in the country is employed for cultivation 
[17]. Kuwait mainly imports most of its food products to meet the 
increasing food demand. Recently, there have been increased efforts 
to enhance the agricultural production and much research has 
been undertaken in this field. Due to this, agriculture in Kuwait has 
doubled in the last 30-40 years. However, this is still diminutive for 
the national GDP [17,18]. Tomato is the main crop grown in Kuwait 
with a total production of almost 39,000 tons of fruit and economic 
value of about $9.58 million. It is grown in 25% of total area under 
green house in Kuwait [18]. CMV was found to cause serious damage 
to plants in Kuwait, especially tomato, resulting in high economic 
losses in crop production over the last 10 years. Montasser and his 
colleagues in 2006 isolated three different strains of the CMV from 
different locations in Kuwait [1]. 

Symptomatology
 CMV disease symptoms were first observed as stunting or fern 

leaf syndrome, and lethal necrosis disease [19]. In addition, CMV 
viruses are also observed to cause yellow mosaic symptoms on leaf, 
leaf distortion, crinkle and stunting [5]. In few cases, expression of 
such specific symptoms has been mapped to specific amino acids in 
the capsid 1a or 2a proteins [8]. However, external symptoms can't 
be used as a sole criterion for confirming the disease, since masking 
of symptoms is observed during certain seasons in most of the 
infected plants [20]. It's very common in nature for a single plant 
to have mixed symptoms due the infection by two or more viruses. 
Potyvirus, for example, can show mosaic systems that resemble CMV 
symptoms. Therefore, the complete separation of viruses is necessary 
for resistance studies. 

In tomato, CMV causes systemic mosaic, necrosis, deformed fruit 
and poor fruit sets. Some CMV strains can produce symptoms of 

https://en.wikipedia.org/wiki/Starch_granules
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severe shoestring leaves, chlorosis, and stunting in tomato. Two types 
of CMV disease patterns in tomato have been identified: The first is 
the shoestring or fern leaf syndrome, and the second pattern is the 
lethal tomato necrosis disease [19,21].

Transmission Electron Microscopy (TEM)
 Plant viruses can be detected and characterized by many methods. 

One of the oldest ways of detection is the electron microscopy that 
uses as a multi target assay [22]. Transmission electron microscopy 
(TEM) is used for detection and identification of viral nanoparticles 
and for investigation of ultrastructural alterations that occur during 
virus infection of plants [10]. Electron Microscopy studies have shown 
that CMV is spherical in shape [23,24] and can aggregate together to 
form crystals [25,26].

The plan and cross-sectional views are the two commonly used 
observation methods in the TEM analysis technique. The cross-
sectional view is more favorable for obtaining micro-structural 
information since films grow coherently on the substrates and often 
present columnar crystals with preferred orientation [27]. Furthermore, 
staining with uranyl acetate has been a routine technique for staining the 
plant tissue. Negative staining of viruses and the following visualization 
by TEM can provide rapid and accurate results and they are sufficient for 
the identification of virus disease [10].

Chloroplast Inclusion Bodies: Plastoglobules 
(“Osmophilic” Granules)

The occurrence of lipid granules in plastids. It was introduced the 
term ‘plastoglobuli’ to denote these osmiophilic granules. The size of 
plastoglobuli varies from 30 to 100 nm. They usually lack bounding 
membranes and are found scattered within the stroma. The amount 
present in any one chloroplast seems to depend on the rate of lipid 
synthesis. A densely staining droplet (about 30-100 nm) found, often 
in large numbers, in plastids of plant cells. Plastoglobuli consist of 
lipid pigment and are especially prominent in colored plastids 
(chromoplasts). Plastoglobuli occurs in chloroplasts but are masked 
by the green chlorophyll. When the chlorophyll breaks down as the 
leaves start to die due to the stress of viral infection, the pigmented 
plastoglobuli become apparent as the red or yellow ‘Fall’ colors [28-
30]. During senescence stress of the cells of higher plants, there is also 
a marked increase in the accumulation of plastoglobuli. A similar 
increase in plastoglobuli during heterocyst formation in the blue-
green algae chlorogloea was reported [31]. Plastoglobuli contain 
carotenoids, plastoquinones, and a small amount of chlorophyll was 
reported in it [32].

Starch granules

They are very common in chloroplasts, typically taking up 15% of 
the organelle's volume, though in some other plastids like amyloplasts, 
they can be big enough to distort the shape of the organelle. Starch 
granules are simply accumulations of starch in the stroma and are not 
bounded by a membrane. Starch granules appear and grow throughout 
the day, as the chloroplast synthesizes sugars, and are consumed at night 
to fuel respiration and continue sugar export into the phloem, though 
in mature chloroplasts, it is rare for a starch granule to be completely 
consumed or for a new granule to accumulate [33]. Starch granules 
vary in composition and location across different chloroplast lineages. 
In red algae, starch granules are found in the cytoplasm rather than 
in chloroplast.  In  C4  plants,  mesophyll  chloroplasts, which do not 
synthesize sugars, lack starch granules [28].

Viral crystalline bodies

Crystalline inclusion bodies may be formed by both isometric and 
spherical viruses. The regular arrangement of the nanoparticles results 
in crystals that may be hexagonal or rounded in shape. The crystal 
of CMV have been extensively studied and showed to consist of 
closely stacked layers of nanoparticles arranged in parallel [34]. 
Crystal is produced by viruses belonging to many different virus 
groups including the cucumoviruses , the nepoviruses and the 
comoviruses [35-37]. The crystals may vary in size ranging from 
minute bodies that can only be seen in the electron microscope, 
to structures 15 to 20 µm in diameter that is visible in the light 
microscope. “Empty' virus crystals lacking virions located in a 
vacuole may appear as a neat hexagonal outline but more often 
appear as 'empty' circles. Such 'empty' crystals are diagnostic for 
CMV [38].

Image analysis of tissue sections using TEM RGB image profiling 
is a modern accepted technique. A new method of TEM RGB 
analysis, using the freeware ImageJ, is presented which can be applied 
to analyze area and value of different selections of tissue samples. We 
examined TEM micrographs of plant tissue samples indicated that the 
formation of crystalline bodies, chloroplast damage and malformation 
was due to the infection caused by viral infections.

Materials and Methods
Virus source 

Leaves of tomato plants showing CMV like symptoms were 
collected as samples from different locations in Kuwait such as Wafra 
and Abdaly. CMV strains were detected using specific antibodies 
successfully produced in our laboratories applied in enzyme linked 
immunosorbent assay (ELISA) as described by Montasser 1999 [39]. 
Test plants of tomato (Solanum Lycopersicum) squash (Curcubita 
Pepo) sp. and tobacco (Nicotiana tabacum cv. Samson) were used in 
this study to confirm the infectivity of CMV.

Mechanical inoculation of virus isolates and symptomatol-
ogy

Tomato (Super Marmande, USA.), squash (New Eskandrany H1, 
Egypt) and tobacco were germinated under green house conditions, 
16 hours light, 22-25°C [19,40]. One gram of frozen infected tissue 
of both tomato and squash plants was grounded using a sterile 
mortar and pestle with 9 ml of phosphate buffer (0.01 M potassium 
phosphate pH 7.2) 21 days post inoculation. The ground viral sap 
was mechanically inoculated onto the leaves of tomato, squash and 
tobacco using a cotton swab at the dicotyledonary stage of the plant 
growth. Healthy plants without any viral inoculations were also 
included as control treatments. Before inoculation, plant seedlings 
were pre-dusted with 600- mesh carborundum powder to allow for 
better viral transmission into the leaves. Following inoculation, the 
plants were rinsed with distilled water immediately [19,39].

Maintenance of virus isolates

Test plants were grown in pots using a suitable potting mix both 
in green house and in a growth chamber under controlled condition 
(16 hours light, temperature range 22-25°C). The inoculated plants 
showed symptoms between 8-20 days [19]. Infected plant leaves were 
collected for electron microscopy studies and for molecular analysis 
for microarray studies, tomato samples were collected 20 days post 
inoculation.

http://www.encyclopedia.com/doc/1O6-chromoplast.html
https://en.wikipedia.org/wiki/Amyloplasts
https://en.wikipedia.org/wiki/Sugars
https://en.wikipedia.org/wiki/Cellular_respiration
https://en.wikipedia.org/wiki/Phloem
https://en.wikipedia.org/wiki/Red_algae
https://en.wikipedia.org/wiki/Cytoplasm
https://en.wikipedia.org/wiki/C4_plant
https://en.wikipedia.org/wiki/Mesophyll_tissue
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Ultra- Thin Sectioning of Plant Tissues Using TEM 
Analysis
Sample preparation and fixation

For sample preparation infected tomato and squash tissue parts 
such as STEM, leaf, and roots as well as healthy tissues were collected. 
Tissue samples were sliced and fixed in glutaraldehyde 3% and in 
phosphate buffer solution with the range between pH=7.2-7.4, these 
samples were kept at room temperature for one to two hours before 
placing them in the refrigerator overnight.

Fixation was followed by three washes with phosphate buffer 
solution for ten minutes each time. Samples were post-fixed in a 
solution containing 2% osmium tetraoxide in phosphate buffer 
solution for two hours at room temperature on a slow- speed 
rotator (INFIL- Tissue Rotator). This step was repeated thrice as it 
is described above. Dehydration of the fixed samples were carried 
out using different concentrations of alcohol ranging from 50-
100% and propylene oxide in a Leica Automatic Tissue Processor 
(REICHEART- LYNX). Following this, infiltration was done by 
soaking samples in different ratios of propylene oxide: super resin 
mixture. Both dehydration and infiltration steps were carried out at a 
temperature of around 20°C. 

Trimming and ultramicrotomy

Practical 1 µm of semi- thin sections were cut with a glass knife 
using Leica Ultramicrotomy and placed on microscopic glass slide. 
After that, they were stained with toluedene 1% blue and examined 
under a light microscope to locate the desired area. Ultra- thin sections 
about 70-80 nm were made using a diamond knife, and transferred 
onto 150 mesh copper grid. The loaded grids were stained first with 
uranyl acetate (12 min. at 25°C) followed by lead citrate (6 min. at 
25°C). Finally, the stained sections were examined by transmission 
electron microscope TEM (JEOL's JEM- 1200 EX II) operated at an 
accelerating voltage of 80 kV, at Nanoscopy Science Center (NSC) – 
Kuwait University, Kuwait.

Computational image analysis

Using TEM with imageJ analysis and statistical Origin Pro 
2016 program for quantification of the infection influences 
on chloroplast structure and contents of lipid deposits in 
plastoglobuli, starch grains, nanoparticle size, size distribution 
and profile surface area [41,42]. For image analysis, the freeware 
ImageJ v 1.51A as well as the Color Histogram, distribution, 
analyze nanoparticles size and 3d plug-in, both downloaded from 
the NIH website [41] were used.

To calculate the FWHM of a Gaussian peak following relation 
should be considered.

  2  2.35             FWHM σ σ= ≅                (*)

Therefore, the deviation from the mean value at FWHM will 
be somewhat larger than the regular σ obtained from the following 
Gaussian equation
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Where yo is baseline offset, A is the total area under the curve from 
the baseline, xo is the mean value of the Gaussian peak (center of the 
peak or xc), and w/2 is the standard deviation σ (Figure 18D). 

Results 
Disease incidence and symptomatology

CMV-KU2 isolate caused serious damage to tomato and squash 
test plants causing severe stunting and growth reduction (Figure 1, 2A 
and 2B) 20 days post inoculation. Squash plants infected with CMV-
KU2 produced no flowers (aborted flower buds) compared to healthy 
control (Figure 1C). Squash plants infected with CMV-KU1 showed 
mild stunting and chlorotic local lesions on the dicotyledonary 
leaves (Figure 3). Both viral strains were detected by using ELISA 
test and specific antibodies successfully produced in our laboratory. 
Squash plants produced more severe mosaic symptoms compared to 
tomato plants. Squash leaves showed mosaic, yellowing and curling 
symptoms (Figure 2). Infected plants with CMV-KU1 flowered in 
earlier stage producing smaller flowers vis. CMV-KU2 showed severe 

A. 

 
B. 

 
C 

Figure 1:  Symptoms of CMV-KU2 and CMV-KU1 A) on tomato test 
plants compared with healthy control (H) at 20 days post inoculation. B)  
Symptoms of severe stunting associated with aborted flower buds caused 
by CMV-KU2 and milder symptoms caused by CMV-KU1 on squash test 
plants compared with healthy control (H) at 20 days post inoculation. C) 
Severe necrotic symptoms caused by CMV-KU2 on dicotyledonary leaves 
of tomato test plants compared with healthy control (H).
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mosaic symptoms compared to CMV-KU1 and control (Figure 2) 

Nanoscopy analysis using TEM

Ultra-thin sections: TEM micrographs of healthy and infected 
intracellular structure are shown in Figures 3-5. A close-up view of the 
chloroplast structures showing double membranes, grana, thylakoids, 
stroma and plastoglobuli (Figure 4C) while an overview of the infected 
tissues showing the effect of CMV-KU2 infection on chloroplasts 
compared to healthy squash are shown in Figures 6 and 7.

A closer examination of these tissues revealed that characteristic 
morphological nature of CMV strains in the infected tissue in 
contrast to healthy samples (Figures 6 and 7). Changes in the 
chloroplast structure due infection are presented in Figures 6B and 
7B compared to the healthy chloroplast. Ultrathin sections showed 
the presence of CMV nanoparticles as small regular spherical bodies 
that contain homogenous densely stained genetic materials (Figure 7) 
(Magnification of 40000x for the virus nanoparticles) (Figure 8). The 
severity of CMV-KU2 showed the disintegration of chloroplasts with 
broken grana scattered in the cytoplasm and virus nanoparticles are 
aggregated in large numbers around the broken-down chloroplasts 
(Figure 7B).

Virus nanoparticles are aggregated together as shown in Figure 9, 
forming crystalline bodies in CMV-KU1 infected tissues (Figure 10). 
No crystalline bodies were found in CMV-KU2 infected tissues, while 
the virus nanoparticles are packed in geometric rows. 

In transverse thin sections of the infected tissue, most abundant 
virus nanoparticles were observed in CMV-KU2 infected tissues. 
Symptoms caused by CMV-KU2 were more severe than CMV-KU1 
infected plants. Similarly, CMV-KU2 damaged the chloroplast and 
was more severe than CMV-KU1 (Figure 11) that clearly showing 
starch grains.

Effects of CMV strains infection on the ultra-structure of 
chloroplasts: The morphological appearance of the chloroplast was 
totally damaged and major alteration took place in the chloroplast 
ultra-structure that were observed in the aggressive stage of infection. 
As the infection progressed, the chloroplast double membranes were 
destroyed and the grana were smashed, disorganized and scattered in 
the cytoplasm of the infected tissue (Figures 12 and 13). 

Computational analysis of tem micrographs using imagej: 
Using Freeware ImageJ to analyzed TEM images for chloroplast 
structure (Figure 14A-D), lipid deposits in Plastoglobuli (Figure 
15A-Dd), and starch grains (Figure 16A-D), crystalline bodies of 
aggregated CMV nanoparticles (Figure 17A and B). TEM images 
Analysis for aggregate CMV nanoparticles size and distribution 
and standard deviation analysis (Figure 18A-D) Morphology of 
mitochondria and its surface profile (Figure 19A-E). 

The relationship between a standard deviation (σ) and a full 
width at half maximum (FWHM) for a Gaussian peak. Note that the 
magnitude of the deviation from the mean value at FWHM is slightly 
larger than the deviation at ~ 60% of the peak height i.e., σ. (Figure 
18D)

Average NP size (xc) = 38.53 nm
W =87.06 nm
Now standard deviation (ợ) = W/2 = 43.53 nm
Average NP size with error = Xc ± ợ = 28.53 ± 43.53 nm 

Discussion
In this study, two different strains of CMV designated CMV-KU1 

and -KU2 (US patent No. US 8138390 B2) [43]. Were used to explore 
the pathogenic effects of the severe strain of KU2 compared to the 

A
 

 B

 

Figure 2:  Healthy squash plants, CMV-KU1 and CMV-KU2 infected. A) 
CMV-KU2 represents the mosaic symptoms on the leaves very clearly and 
the number of the leaves are less than the healthy.  B) Is shows yellowing 
of the leaves with bigger leaf size than the healthy leaves.

A  

 
B 

Figure 3: A) Chlorotic spots on cotyledonary leaves of squash inoculated 
with CMV-KU1. B) Chlorotic spots and mosaic symptoms on the young 
leaves of squash infected with CMV-KU1.
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Figure 4: A) Normal healthy view of squash leaf tissue. B) Healthy 
chloroplast intra-structure of tomato cotyledons leaf.  C) Chloroplast 
Structure.

A 

 
B 

 
Figure 5: A) Overview of tomato infected root tissue showing that may 
indicate the viral infection spread all over the tissue, B) Infected chloroplast 
with CMV-KU2 in tomato leaf. The infection led to the malformation in 
the outer and inner structure of the chloroplast. The photo shows virus 
aggregation like nanoparticles spread in the tissue. Chloroplast and CMV-
KU2.

A 

 
B 

 
Figure 6: A) Comparison between two chloroplasts in healthy squash 
cotyledonary leaf. B) Anatomical deviations: intra-cellular structures 
showing complete destructions in grana and thylakoids, and malformations 
in a chloroplast.

A 

 
B 

 
Figure 7:  TEM micrographs of healthy and infected tomato showing 
damaged chloroplasts.  A) Chloroplasts in healthy tomato cotyledonary leaf.  
B) Malformation and total damage in a chloroplast of tomato leaf infected 
with CMV-KU2 showing presence of virus nanoparticles surrounding the 
chloroplast.

benign strain of KU1 and healthy control. Transmission electron 
microscopy (TEM) was used for detection and identification of viral 
nanoparticles and for investigation of ultrastructural alterations that 
occur during virus infection of plants [10]. Nanoscopy studies have 
shown that CMV is spherical in shape [23,24] and can aggregate 
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Figure 8:   A) Broken chloroplasts in CMV-KU2 infected tissues showing 
scattered grana and thylakoids, virus nanoparticles aggregated in large 
numbers around the ruptured chloroplast. B) Close up from A. C) Higher 
magnification of purified CMV viral nanoparticles that are spherical with 
dark highly dense genetic material in the center. Purified viral nanoparticles 
from infected squash leaves.

together to form crystals [26]. Difficulties in sample preparation also 
limit the application of cross-sectional TEM observation [27]. Such 
preparations are known to be time and labor consuming awnd it 
may take several days to obtain results. For these reasons, TEM used 
rarely for diagnosing virus disease in plants [27]. The plan and cross-
sectional views are the two commonly used observation methods 
in the TEM analysis technique. The cross-sectional view is more 

favorable for obtaining micro-structural information since films grow 
coherently on the substrates and often present columnar crystals with 
preferred orientation [27].

Ultra-thin sections

Electron micrographs of healthy and infected intracellular 
structure tissues are shown in Figures 4A and B. Micrographs of 
healthy samples are shown in Figure 4C and 4A closer view of the 
chloroplast structures double membranes, grana, thylakoids, stroma 
and lipid globules are shown in Figure 4C and 4A shows an overview 
of a healthy tissue while (Figure 5A) represents an overview of the 
infected tissues. Figure 5B shows the effect of CMV-KU2 infection in 
tomato chloroplasts.

A 

 
B 

Figure 9: A) CMV Viral nanoparticles appears in geometric rows in 
preparations to form crystalline bodies. B) CMV Aggregation forming 
inclusion crystals in tomato infected leaf.

Figure 10: Viral inclusion crystalline bodies in tomato cells infected with 
CMV KU1 appears as heavy dense stained crystals, 3D diagrammatic 
presentation of virus inclusion crystal showing rows of spherical 
nanoparticles staked in the component layers of crystals
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Figure 11: A) Healthy looking chloroplast compared to CMV-infected 
squash sample showing infected chloroplast containing up normal sizes 
of starch grains, (B) Abnormal Starch Grains formation due to the viral 
infection. C) Digital-colored starch grains using Unionjack look-up table 
filter, ImageJ showing starch grains with red representing low energies 
and Chloroplast grana and middle lamella in blue representing high 
energies.

A 

 
B 

 
C 

 
Figure 12: A) CMV Viral infection causing total damaged chloroplasts. 
Almost there is no intact intracellular structure of the infected chloroplasts. 
B) CMV viral aggregation surrounding the chloroplast at higher 
magnification. C) Color Image Processing using ImageJ analysis use a 
non-standard color (Fire) Look-Up Table (LUT).

A closer examination of these tissues revealed the characteristic 
morphological nature of CMV strains in the infected tissue in contrast 
to healthy samples (Figures 6 and 7). Changes in the chloroplast 
structure due to infection are presented in (Figures 6B and 7A) 
compared with healthy chloroplast. Ultrathin sections showed the 
presence of CMV nanoparticles as small regular spherical bodies that 
contain a homogenous densely stained genetic materials in Figure 

8 (magnification of 40000x for the virus nanoparticles) (Figure 8B). 
The severity of CMV-KU2 has been showed by the disintegration 
of chloroplasts with broken grana scattered in the cytoplasm and 
virus nanoparticles that are aggregated in large numbers around the 
broken-down chloroplasts (Figure 7B).

According to the scale bar (0.2 µm) the average of about 100 
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Figure 13: Destroyed chloroplasts due to CMV-KU2 infection. CMV particle aggregation in broken thylakoids.

A,B  

C,D     

E                     

Figure 14:  A, B) Color Image Processing using ImageJ analysis (Fire filter) Look Up Table (LUT) for Healthy chloroplast compared to C. D) infected chloroplast. 
E) 3D Image Processing using ImageJ analysis of B image.
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Figure 15: Plastoglobuli in infected tissue.  A) Numerous Plastoglobuli 
Deposits in Infected chloroplasts Color Image Processing using ImageJ 
analysis (Fire) Look-Up Table (LUT). B) Numerous Plastoglobuli Deposits 
in Infected chloroplasts Color Image Processing using ImageJ analysis 
(UnionJack) Look-Up Table (LUT).  C) Threshold area of Plastoglobuli 
(red). D) 3D Image Processing using ImageJ Analysis of chloroplast area
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Figure 16: Starch Grains In Infected Tissue. A,C and E) Numerous 
Starch Grains Deposits in Infected chloroplasts Color Image Processing 
using ImageJ analysis (Fire) Look Up Table (LUT). B,D and F) 3D Image 
Processing using ImageJ Analysis of Starch Grains area in A,C and E 
Image respectively. G) close-up from image A. H) 3D Image Processing 
using ImageJ Analysis of Starch Grains area in D Image.
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Figure 17: Inclusion Crystalline Bodies formation appear from 17A to 17D.

CMV samples was calculated manually and resulted in viral diameter 
of 26 nm-29 nm. CMV nanoparticles are packed to form crystalline 
bodies in CMV-KU1 infected tissues as shown in (Figure 9) were no 
crystalline bodies found in CMV-KU2 infected tissues. In transverse 
thin sections of the infected tissue most accumulation of the virus 
nanoparticles appeared in CMV-KU2 infected tissues (the affectively 
on the intracellular and the damaged caused on chloroplast structure 
is more) and its severity is more than in CMV-KU1 infected tissues. 

Electron micrographs of CMV-infected tissues in ultra-thin 
sections were successfully tested and proved to be present in the 
infected intracellular plant tissues. The effects of the virus on the 
plant cellular organelles were detected. The ultra-structure of CMV 
infected cells showed spherical nanoparticles of the virus. 

Our observation is consistent with those of Honda and Matsui 
[44]. The spherical CMV nanoparticles were observed in different 
locations in plant tissues [19]. Our results were agreeable with the 
viral particle sizes published, that found CMV nanoparticles are 
isomeric, 28-29 nm in size with a central core [45]. CMV nanoparticles 
were able to aggregate in geometric lines in tobacco plant [44] or 
aggregate to form crystalline bodies in lily [26]. In general, the various 
morphological arrangements of CMV were observed clearly in tested 
diseased plant tissues.

The present study showed some alterations in ultra-structure of 
chloroplasts in infected tomato and squash tissues compared with 
healthy plants. Similar effects of CMV on plant chloroplast grana and 
intracellular composition were mentioned by Shintaku et al. [46] on 
tobacco plants as well as others [19,44]. The concentration of virus 
varied in different plant tissues [26]. Another plant virus in Kuwait 
has induced the same effect, such as tomato yellow leaf curl bigemini 

virus (TYLCV) on the same tomato host [43]. 

The effect of viral infection on chloroplasts in tested plant 
tissues

 The morphological appearance of the chloroplast as well becomes 
more circular and major alternation in the chloroplast ultra-structure 
at aggressive stage of infection. As the infection achieved, the 
chloroplast is completely destroyed and the grana were disorganized 
and scattered in the cytoplasm of the infected tissue (Figures 12-13). 
Comparisons between the healthy and the infected tissues (Figures 
6 and 9) are made and a reduction in the size and number of grana 
causing a great loss in the chloroplast structures and increased in the 
multiplication of viral nanoparticles. 

All over the infected tissues (Figures 5-13), the viral infection 
showed a reduction of chloroplast numbers and size [47]. The 
complete distortion of the chloroplast component and thylakoid 
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Figure 18: Aggregate CMV nanoparticles Size and distribution and 
standard deviation analysis:-  Gaussian distribution.
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Figure 19: Mitochondrial Morphology and surface plot using Imagej 
Freeware analysis from Figure (19A-19E).
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damage in grana causes a reduction in chlorophyll concentrations in 
tissues.

Examination of ultra-thin sections of diseased plant parts using 
Transmission Electron Microscope has become a standard tool in 
establishing the presence of CMV. Further evidence can be obtained 
by ELISA [40], PCR, Gene Sequencing analysis, and Microarray 
technology. The physical properties (thermal inactivation point, 
dilution-end point and longevity in vitro) of CMV in Kuwait have 
been reported by [1]. 

Computational analysis using ImageJ

ImageJ supports standard image processing functions such 
as logical and arithmetical operations between images, contrast 
manipulation, convolution, Fourier analysis, sharpening, smoothing, 
edge detection, and median filtering [42]. In this study, we detected 
and characterized the causal agent nanoparticles of cucumber mosaic 
disease on tomato and squash plants using TEM micrograph and 
ImageJ statistical Origin pro-2016 software Image analysis of tissue 
sections using TEM RGB image profiling is a modern accepted 
technique. A new method of TEM RGB analysis, using the freeware 
ImageJ that applied to analyze area and value of different selections 
of tissue samples. We examined TEM micrographs of plant tissue 
samples indicated that the formation of crystalline bodies, chloroplast 
damage and malformation was due to the infection caused by viral 
infections [41,42].
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